plemental Data available with this article online). Homois indicated by a shift in emission from green to red light (Reers et al., 1991). Consequently, the ratio of red zygous mutants are semilethal, and adult escaper flies are uncoordinated and show numerous neurological to green fluorescence intensity is a measure of the mitochondrial potential. Whereas this ratio is low in defects ( Figure S1 ), hence the name fratboy (frat). To characterize the cause of the defects in frat, we percontrols treated with azide (0.53 ± 0.04), the mitochondria in drp1 mutants hold a negative membrane formed electron microscopy on adult mutant photoreceptor (PR) synapses and found a dramatic reduction potential that is similar to that in controls (JC-1 ratio in control: 0.90 ± 0.09; drp1 2 : 0.91 ± 0.03). Hence, these in synaptic mitochondria, but not in other organelles ( Figure S2 ). Interestingly, mitochondria cluster in the data indicate that, despite their altered distribution, the clustered mitochondria in drp1 2 are functional. cell bodies of mutant photoreceptors ( Figure S2 ). Hence, frat mutants provide us with an opportunity to study the role of mitochondria at synapses.
Synaptic Localization of Mitochondria at NMJs We mapped the molecular lesions in the frat alleles
Is Severely Impaired in drp1 (drp1 1 and drp1 2 ) as well as two additional lethal alleles To determine mitochondrial distribution in drp1 mutant l(2)22Fd T26 and l(2)22Fc H7 (Littleton and Bellen, 1994) motor neurons, we expressed MitoGFP. In the ventral that fail to complement drp1 1 and drp1 2 to CG3210, nerve cord of control larvae, MitoGFP mostly localizes also called drp1, noodle, or dynamin-2 in Flybase ( 1J2 ) and they form long for the observed phenotypes, a 9.35 kb genomic rescue threads (arrows) rarely observed in controls. These data construct was crossed into drp1 mutants (see Experi- indicate that loss of DRP1 function leads to clustering mental Procedures and Figure S3 ). The lethality and of mitochondria in the cell body and suggest a defect phenotypes of drp1 2 and drp1 1 /drp1 2 are rescued by in axonal mitochondrial transport. this construct, as well as by a genomic construct that
To measure the presence of mitochondria at NMJs, harbors an in-frame FLAG-FlAsH-HA tag after the start we quantified MitoGFP labeling in boutons demarcated codon of CG3210 ( Figure S3 ). Using this construct we by anti-DLG labeling. While controls contain several also demonstrate that Drosophila DRP1 is enriched on mitochondria per bouton, drp1 boutons contain few mitochondria, similar to drp1/dlp/dnm1 in other speand small mitochondria ( Figures 1K-1N ), and this is furcies ( Figure S4 ). Collectively, these data indicate that ther confirmed by Rh123 labeling of control drp1 2 or Drosophila drp1 is an ortholog of drp1/dlp/dnm1 (Ladrp 1 /drp 2 NMJs (data not shown). In addition, we also brousse et al., 1999; Otsuga et al., 1998; Smirnova et measured the mitochondrial volume in a 3-D data stack al., 2001) and that the lesions in drp1 2 or in drp1 1 /drp1 2 and compared it to the synaptic volume (Figures 1O-only affect drp1. We therefore used these animals for 1R). While mitochondria occupy about 10% of the bousubsequent analyses.
ton volume in controls, this is significantly less in drp1 2 or drp1 1 /drp1 2 mutants ( Figure 1R ). This difference does not seem to be exacerbated by severe morphoClustered Mitochondria in drp1 Mutants logical defects of drp1 NMJs, as bouton number per Are Functional muscle area (controls: 1.0 ± 0.1 m −2 ; drp1 2 : 1.2 ± 0.1 Our initial analyses of drp1 (frat) mutants showed clusm −2 ) and synapse length per muscle area (controls: ters of mitochondria in PR soma, but not in synapses.
6.2 ± 2.6 m −1 ; drp1 2 : 6.2 ± 0.7 m −1 ) are not different To determine if the clustered mitochondria in drp1 mufrom those in controls (p = n. s.). Only NMJ branching tants function properly, we labeled them with rhodais slightly increased in drp1 2 (controls: 8.3 ± 1.3/NMJ; mine-123 (Rh123). Rh123 is a cell-permeable dye that drp1 2 : 13.8 ± 0.9/NMJ; p < 0.05). The defect in synaptic localizes to the mitochondrial lumen when the inner localization is probably confined to mitochondria, as membrane is hyperpolarized (Johnson et al., 1980) . As synaptotagmin (Littleton et al., 1993) , a synaptic vesicle shown in Figure 1A , Rh123 fluorescence in control salimarker, and endophilin (Verstreken et al., 2002) , a memvary glands is bright and concentrated, resembling Miber of the endocytic machinery, are localized correctly toGFP, a mitochondrial marker (W. Saxton, unpublished at the synapse (data not shown). These data indicate data) ( Figure 1D ). When we abolish the mitochondrial that loss of Drp1 function leads to defects in mitochonmembrane potential with 20 m azide, Rh123 diffuses drial localization, leaving most drp1 synapses, includ-( Figure 1B) , suggesting that Rh123 only localizes to ing NMJs, with many fewer mitochondria than controls. active mitochondria. In drp1 mutants, Rh123 fluorescence appears in large perinuclear blobs ( Figure 1C ), similar to MitoGFP ( Figures 1E and 1F levels by forward-filling controls and drp1 2 mutants 1 mM, 1.5 mM, or 5 mM Ca 2+ , loss of DRP1 function does not lead to a defect in transmitter release, even with the ratiometric Ca 2+ indicator Fura-2 Dextran (Macleod et al., 2002) . We find that the intracellular restwhen stressed at 36°C in 5 mM Ca 2+ ( Figure 2B ). We also recorded paired EJPs at 20 ms, 40 ms, 60 ms, or ing Ca 2+ in drp1 2 mutant boutons is about 2-fold higher than the level in controls (Figure 2A; We then determined if drp1 affects basal neurotranscrease in EJP amplitude of drp1 2 compared to controls ( Figure 2B ; controls: 4.8 ± 0.6 mV and drp1 2 : 8.5 ± 1.5 mitter release by recording excitatory junctional potentials (EJPs). When stimulated at 1 Hz in either 0.6 mM, mV; p < 0.05). In addition, at 0.25 mM Ca 2+ , controls fail Figure 3B , open squares). These data suggest that loss To test whether ECP vesicle exocytosis is affected by mained labeled with dye, in agreement with previous observations Kidokoro, 2000, 2002) . In intense stimulation in drp1 mutants, we determined the unloading rate of ECP vesicles labeled with FM1-43 contrast, drp1 2 or drp1 1 /drp1 2 mutant boutons did not retain much labeling (Figures 5B4 and 5C ; data not upon stimulation. We first loaded ECP vesicles in controls and drp1 2 mutants with FM1-43 during the last 0.5 shown). This defect is specific to mutants, as drp1 2 animals with a rescue construct show normal RP loading min of a 10.5 min 10 Hz train ( Figures 4D1 and 4D2) . We then quickly washed the preparations with zero (data not shown). Hence, these data suggest a defect in cycling of RP vesicles at drp1 synapses, possibly Ca 2+ HL-3, to remove noninternalized dye (<5 min), and stimulated them using 90 mM K + to mobilize the loaded due to a defect in mobilization of (old) unlabeled RP vesicles or a defect in RP formation. ECP vesicles. Interestingly, bouton fluorescence after 1 min or 10 min of unloading was similar in controls and To further distinguish whether Ca 2+ sequestration or ATP production by mitochondria is important for RP in drp1 mutants ( Figures 4D3, 4D4 , and 4E), indicating that endocytosis as well as exocytosis of ECP vesicles vesicle cycling, we applied various drugs for 20 min to wild-type NMJs and then repeated the 10Hz 10 min + is not disrupted in stimulated drp1 mutants.
Next, we determined whether exo-and endocytosis 5 min loading-ECP unloading protocol ( Figure 5A ) in the presence of the drug ( Figures 5D and 5E Finally, we treated larval preparations with 1 g/ml oligomycin, an inhibitor of the mitochondrial ATP-synthase (Budd and Nicholls, 1996). Using the same FM1-43 loading-unloading protocol, we found that oligomycin-treated preparations take up less dye than untreated controls. In addition, unloading of their ECP showed less dye retention than controls, very similar to drp1 mutants or antimycin-treated preparations ( Figures 5D  and 5E ). Hence, ATP production by mitochondria seems to fuel loading or mobilization of RP vesicles.
We confirmed the effect of ATP on RP vesicle mobilization by forward-filling control and drp1 2 motor neurons with 1 mM ATP and loading their vesicle pools using the protocol shown in Figure 5A . Figure S8) . Then we applied the FM1-43 loading and unloading protocol (illustrated in we stimulated shi and shi; drp1 motor neurons and measured the EJPs. Consistent with a block in endocy- Figure 5A ) to TPP + -treated preparations. Although TPP + treatment leads to less dye loading than occurs in untosis, neurotransmitter release in shi; drp1 decreased to reach zero after 5 to 6 min, while shi reached zero 1 to 2 min later ( Figure 6E, triangles) . In addition, since the EJP amplitudes measured during rundown of shi; drp1 are either smaller or equal in size to those measured during rundown of shi controls, the pool of vesicles released from shi; drp1 double mutants is smaller than that released from shi controls ( Figure 6E ). As the total number of synaptic vesicles (SVs) in drp1 and controls is similar (Figure 6D ), these data indicate that drp1 mutants harbor an immobile vesicle pool and suggest the presence of a smaller cycling vesicle pool. Forwardfilling shi; drp1 motor neurons with 1 mM ATP alleviates this defect, allowing mutants to release a similar amount of quanta as forward-filled shi control synapses ( Figure 6E, squares) . Hence, these data provide further compelling evidence that mitochondrial ATP is critical for the release of this vesicle pool. To visualize the cycling vesicle pool in drp1 mutants, we labeled it using FM1-43. We first used shi; drp1 to exocytose the vesicles that can be released at 34°C using K + stimulation. Depletion of the mobile vesicles was confirmed by the absence of neurotransmission at 34°C in HL-3 with 1.5 mM Ca 2+ (data not shown). Preparations were then shifted back to the permissive temperature, and vesicle reformation was allowed to proceed for 10 min in the presence of FM1-43 ( Figure 6F , top). Labeling in boutons reflects newly formed vesicles or the cycling vesicle pool. We found that shi; drp1 mutants take up 31.2% less dye than shi controls ( Figures  6F and 6G) , indicating a smaller cycling vesicle pool in drp1, in agreement with our electrophysiological measurements of shi and shi; drp1 EJP rundown at the restrictive temperature ( Figure 6E ). Interestingly, FM1-43 labeling of the cycling vesicle pool in large shi; drp1 boutons tends to distribute to the periphery of the synaptic boutons (Figure 6F ), further suggesting that ECP vesicles in drp1 mutants cycle properly while RP vesi- for 30-40 min and then used the FM1-43 labeling protoFinally, to test whether MLC uses the mitochondrialproduced ATP to mobilize the RP, we applied MLCK col in Figure 7A to label RP and ECP vesicles. We found that untreated controls load more FM1-43 than do inhibitors to drp1 mutants forward-filled with ATP and determined FM1-43 loading into RP vesicles (protocol treated NMJs (Figures 7B and 7C; data not shown) . Interestingly, while K + unloading ( Figure 7A ) in untreated in Figure 7A ). Although our previous data showed that ATP partially rescues the RP mobilization defect in drp1 controls shows significant retention of FM1-43 ( Figure  7B1 ), preparations incubated in MLCK inhibitors retain mutants ( Figures 5F and 5G) , application of MLCK inhibitors to drp1 mutants forward-filled with ATP largely less dye (Figures 7B2 and 7C) . These results indicate that inhibitors of MLCK block mobilization or loading of blocks this rescue ( Figures 7B5 and 7C ). These data suggest that during high-frequency stimulation, the mythe RP.
To test whether myosin is fueled by mitochondrial ATP, (B and C) Loaded control boutons (protocol in [A]) treated with oligomycin retain labeled RP vesicles ([B2
To test whether the RP defect caused by MLCK inosin complex uses ATP generated by mitochondria to mobilize RP vesicles. hibitors is related to that in drp1, we applied these drugs to drp1 
